ethnicities, evaluation of the clinical pharmacology of vortioxetine in diverse populations remains important to assess the potential need for dose adjustments. Methods: Data were pooled from two phase I open-label PK studies in healthy Chinese subjects, and one phase III double-blind noninferiority study in Chinese patients with MDD to describe the PK and safety data for vortioxetine. Doses in these studies ranged from 10 mg (single dose) to 10 and 20 mg (multiple daily doses). A population PK analysis of vortioxetine in the Chinese population was conducted using nonlinear mixed-effect modeling. Results: In total, 186 individuals were included in the PK analysis: 79 healthy Chinese subjects and 107 Chinese patients with MDD. No clinically significant differences in the PK of vortioxetine were observed between the Chinese population and the previous data in non-Chinese populations. Because of a generally lower weight in the Chinese population compared with the non-Chinese population, exposures were 19% and 18% higher in the Chinese population than in the non-Chinese population (for maximum observed plasma concentration and area under the plasma concentration-time curve, respectively), which is not considered clinically relevant. A high prevalence of pruritus was observed in one phase I PK study (56% overall); however, this was not reflected in the phase III study in Chinese patients with MDD (0.8%).
INTRODUCTION
According to the World Health Organization's Global Burden of Diseases, Injuries, and Risk Factors Study 2016, major depressive disorder (MDD) was one of the five leading causes of disability and constituted a major public health issue worldwide [1] . On the basis of a metaanalysis, the 12-month prevalence rate of MDD in China (2.3%) was lower than that in developing countries (4.0-10.4%) and similar to that in Japan (2.2%) [2] . Lack of clinical recognition of MDD among Chinese healthcare professionals may contribute to the low diagnosis and treatment rates of MDD [2, 3] . However, similar to the findings of the Global Burden of Disease Study, patients with MDD in China were reported to have poorer quality of life and greater productivity loss and resource utilization than nondepressed control subjects [4] . Awareness of MDD and better access to treatments could help alleviate the burden associated with MDD in China [4] .
Vortioxetine (Trintellix Ò /Brintellix Ò , Takeda Pharmaceuticals America, Inc./H. Lundbeck A/S) is a multimodal antidepressant currently approved globally for the treatment of MDD [5, 6] . It has two different mechanisms of action: direct action at specific serotonin (5-hydroxytryptamine, 5-HT) receptors and serotonin reuptake inhibition [7] . In vitro, vortioxetine acts as a 5-HT 3 and 5-HT 7 receptor antagonist, 5-HT 1B receptor partial agonist, 5-HT 1A receptor agonist, and serotonin transporter (SERT) inhibitor [7] . Clinical pharmacodynamic (PD) studies of vortioxetine using positron emission tomography demonstrated that SERT was not fully saturated in therapeutic doses; these findings support a multimodal mechanism of action and suggest that vortioxetine may mediate its effects through actions on 5-HT receptors in addition to SERT inhibition [8, 9] . Moreover, preclinical studies have demonstrated that the antidepressant activity of vortioxetine is exerted via modulation of multiple neurotransmitters, including the serotonin, norepinephrine, dopamine, acetylcholine, histamine, glutamate, and gamma-aminobutyric acid systems [8] .
Clinical dose-dependent efficacy and the safety profile of vortioxetine as a treatment for MDD have been established in multiple clinical studies over the dose range of 5-20 mg/day [10, 11] . In a recent systematic review and network meta-analysis of 21 antidepressants, an assessment of head-to-head trials determined that vortioxetine was among the more effective and tolerable agents for the acute treatment of adults with MDD [11] .
Vortioxetine has linear and dose-proportional pharmacokinetics (PK) after administration of a single dose (10-75 mg/day) or multiple doses (2.5-60 mg/day) in healthy subjects [12] . Vortioxetine undergoes metabolism primarily via oxidation and subsequent glucuronic acid conjugation [12, 13] . The clinical PK of vortioxetine, as determined by noncompartmental analysis, are characterized by prolonged absorption, medium clearance (47 L/h), and a large volume of distribution (3.5 9 10 3 L) [12] . The absolute bioavailability for oral administration was found to be 75% [12] . Vortioxetine is mainly metabolized through cytochrome P450 2D6 (CYP2D6) and to a lesser degree through CYP2C19 [13] .
A range of clinical pharmacology studies have demonstrated that administration of vortioxetine is not associated with clinically relevant induction and inhibition of CYP enzymes. In addition, drug-drug interaction studies showed no impact of vortioxetine on the PK of warfarin, diazepam, caffeine, tolbutamide, ethinylestradiol, levonorgestrel, midazolam, aspirin, ethanol, or lithium [8, 14] .
Genes and their variants related to the serotonin transporter gene promoter polymorphism region (5-HTTLPR) and cytochrome P450 superfamily have been widely studied in association with antidepressant response [15] . According to the inherited CYP2D6 alleles, four categories are used to describe the phenotype: extensive metabolizers (EMs), intermediate metabolizers, poor metabolizers (PMs), and ultrarapid metabolizers [16, 17] . PMs have higher plasma concentrations of antidepressants metabolized by CYP2D6 than EMs and are therefore more likely to experience dose-dependent adverse drug reactions [18] . PK and PD studies of antidepressants have also reported variations across different races due to genetic polymorphisms [15, 19] . Thus, it is important that the clinical pharmacology of antidepressants be evaluated in diverse populations to assess the need for dose adjustments [20] . To date, the PK and safety profile of vortioxetine in Chinese subjects have not been reported.
The objective of the current analysis was to assess the PK and safety of vortioxetine in a Chinese population by gathering data from Chinese patients with MDD and healthy Chinese subjects. A population PK analysis of three studies of vortioxetine in both healthy Chinese subjects and patients with MDD was conducted and the results were compared with previous data from global trials in which non-Chinese individuals constituted the majority of subjects.
METHODS

Study Data
PK and safety data included in this post hoc analysis were pooled from two phase I openlabel vortioxetine PK studies in healthy Chinese subjects and from one phase III double-blind, noninferiority study in Chinese patients with MDD who were treated with vortioxetine [21] .
Studies Included
Study 1 (Single-Dose PK Study)
This was a single-center, open-label PK study with a primary objective to determine the PK of vortioxetine after a single dose of 10 mg administered orally under fasting conditions in healthy Chinese men and women (Trial registration:
www.ClinicalTrials.gov identifier, NCT01676571).
Study 2 (Single-and Multiple-Dose PK Study)
This was a randomized open-label, single-center, single-dose, and multiple-dose PK study with a primary objective to determine the PK parameters after 10-and 20-mg single-dose and 10-and 20-mg multiple-dose administration of vortioxetine in healthy Chinese men and women (Trial registration: www.ClinicalTrials. gov identifier, NCT02386488). In the singledose part, 16 male and 16 female subjects were randomized 1:1 to receive a single oral dose of 10 or 20 mg of vortioxetine on day 1. In the multiple-dose part, 16 male and 16 female subjects were randomized 1:1 to receive an oral dose of 10 or 20 mg of vortioxetine, respectively, each day for 14 consecutive days. Safety and tolerability were assessed throughout the study.
Study 3 (Active Comparator Noninferiority Study)
This was a multinational interventional, multicenter, randomized, double-blind, parallelgroup, fixed-dose, active-comparator noninferiority study in patients with MDD (Trial registration:
www.ClinicalTrials.gov identifier, NCT01571453). The study included 443 randomized patients recruited from 31 psychiatric inpatient and outpatient specialist settings in four countries (China, South Korea, Taiwan, and Thailand) from April 2012 to October 2013. Of note, only the PK and safety results from the 124 Chinese patients treated with vortioxetine were included in the current study's pooled analyses. Efficacy results from the study have been published previously [21] .
Study details for all three studies are summarized in Table 1 .
Study Participants
For studies 1 and 2, participants were screened for enrollment from 21 to 2 days before treatment. Participants who met the inclusion criteria for each study were eligible for trial participation: men and women aged between 18 and 45 years; body weight at least 50 kg (study 1) or at least 45 kg (study 2); and body mass index between 19 and 24 kg/m 2 (study 1) or between 18.5 and 24 kg/m 2 (study 2). Major exclusion criteria in studies 1 and 2 included the following: disallowed medication taken less than 1 week before the first dose of study drug, or less than 5 half-lives before the screening visit for any medication taken; clinically significant comorbidities that might complicate treatment or potentially confound the study results; known hypersensitivity or allergies to medications; or clinically significant vital sign, laboratory test, or electrocardiogram abnormality at screening. For study 3, participants were screened for enrollment from 7 days before treatment. Inclusion and exclusion criteria details for study 3 have been published previously [21] . Briefly, patients with a primary diagnosis of recurrent MDD according to Diagnostic and Statistical Manual of Mental Disorders-IV-Text Revision (DSM-IV-TR TM ) criteria, a Montgomery-Å sberg Depression Rating Scale (MADRS) total score of at least 26, and a Clinical Global Impression-Severity (CGI-S) score of at least 4 with a reported duration of the current major depressive episode of at least 3 months were eligible. Participants were ineligible if they had any current anxiety disorder (DSM-IV-TR TM criteria) as assessed using the Mini International Neuropsychiatric Interview (MINI) or a current diagnosis or history of manic or hypomanic episode, schizophrenia, or any other psychotic disorder. Only the PK and safety results from the Chinese patients treated with vortioxetine (n = 124) in this study were included in the pooled analysis.
PK Evaluation
The population PK of vortioxetine were determined using nonlinear mixed-effect modeling with NONMEM Ò (ICON Development Solutions) version 7. The first-order conditional error with interaction (FOCE INTER) minimization method was used.
No formal statistically based strategy or rules for handling outliers among the plasma concentrations or covariate data were used. Visual inspection of the data was used to detect potential outliers to exclude from the analysis. The structural model used was a two-compartment model based on that previously described in the pooled-population PK analysis in healthy subjects [22] with lag time and with first-order absorption and elimination. The model, schematically shown in Fig. 1 , was parameterized in terms of ALAG (lag time), k a (absorption rate constant), CL/F (oral clearance), V 2 /F (volume of distribution of central compartment), Q/F (intercompartmental clearance), and V 3 /F (volume of distribution of peripheral compartment).
The continuous covariates of age, weight, height, and creatinine clearance, and the categorical covariates of sex and healthy/patient were tested in the population PK model. Standard goodness-of-fit plots were generated to evaluate the fit of the base model to the data. Details of the visual predictive check plot and goodness-of-fit plots are provided in supplementary material. The model was evaluated using the normalized prediction distribution 
Safety Evaluation
All treatment-emergent adverse events (TEAEs) either observed by the investigator or reported spontaneously by the patients and healthy subjects were recorded. Qualified personnel coded TEAEs using the lowest-level term according to the Medical Dictionary for Regulatory Activities (MedDRA), version 16.0. Clinical safety laboratory tests, vital signs, weight, body mass index, electrocardiograms, and physical examination findings were also evaluated.
Compliance with Ethics Guidelines
All study protocols were approved by the local ethics committees and were conducted in compliance with the International Conference for Harmonization, Harmonized Tripartite Guideline E6 for Good Clinical Practice. Enrolled participants for each study provided written informed consent before undergoing any study procedures.
RESULTS
Quantifiable plasma concentrations of vortioxetine from a total of 186 individuals were included in the analysis: 16 healthy Chinese subjects from study 1, 63 healthy subjects from study 2 (1 subject was excluded because of lack of quantifiable plasma concentrations), and 107 Chinese patients with MDD from study 3. No apparent clinically relevant differences in age, height, body weight, or body mass index at baseline were noted among the three studies. In study 3, the mean age of the subjects was slightly higher than in studies 1 and 2 ( Table 2) . 
PK Evaluation
The base model described the data well after fixing lag time (ALAG) to the value of 0.781 found in the previous pooled phase I analysis [22] . Weight on central volume of distribution (V 2 /F) was the only significant covariateparameter relationship, with an increase in V 2 /F with increasing weight. The PK model parameters were estimated with good precision, with a coefficient correlation of 0.60 between population predicted and observed plasma concentration. Observed plasma concentrations (dose-normalized to 10 mg) at steady state together with model-predicted median and 95% CI are shown in Fig. 2 , whereas other goodnessof-fit plots, including the visual predictive check plot, are given in the supplementary material (Figs. S1-S9). On the basis of the final model parameters, area under the curve over 24 h (AUC 0-24 ) and maximum concentration (C max ) values at steady state for 10 mg were simulated for the analysis data set. Table 3 shows PK parameters, including C max and AUC 0-24 , for vortioxetine in the Chinese population, which were similar to the data from previous pooled analyses in which non-Chinese subjects constituted the majority [22, 23] .
Safety Evaluation
The overall incidences ( Table 4 ) and patterns of TEAEs with vortioxetine in Chinese patients and healthy subjects were comparable to those in the global clinical development program. In general, TEAEs with vortioxetine were rated as mild to moderate in intensity. Nausea is a common side effect of antidepressants, occurring at a rate of 21-34% in clinical trials of vortioxetine [5, 6] . Consistent with this result, nausea was observed across all three studies analyzed in this report [6% in study 1, 31.3% Fig. 2 Observed plasma concentration (dose-normalized to 10 mg) at steady state together with model-predicted median and 95% CI. CI confidence interval (10/32 subjects, multiple-dose group) in study 2, and 20.2% in study 3]. Dizziness was also seen across all three studies [6% in study 1, 3.1% (1/32 subjects, multiple-dose group) in study 2, and 9.7% in study 3]. Nausea and dizziness were also the two adverse events with the highest incidences in study 1 and study 3; however, in study 2, the adverse event with the highest incidence was pruritus (18/32 subjects; 56% overall). The incidence of pruritus was higher in the 20-mg vortioxetine group (13/16 subjects; 81.3%) than in the 10-mg vortioxetine group (5/16 subjects; 31.3%). Pruritus was not observed in the single-dose study (study 1) or in the single-dose group of study 2 and was reported in only 0.8% of Chinese patients (n = 124) in the vortioxetine group in study 3.
DISCUSSION
Results of these analyses demonstrate that the PK and safety parameters of vortioxetine in Chinese subjects were similar to previous data in which non-Chinese individuals constituted the majority of subjects (Table 3 ) [22, 23] . Similar to our findings in this study, phase I trials conducted in healthy young Japanese adults and elderly Japanese subjects found no clinically significant differences in the PK of vortioxetine or its metabolites in Japanese adults compared with a non-Japanese population [20] .
In the previously published pooled-population PK analysis (a meta-analysis of 26 phase I studies with data from 887 healthy subjects who received single doses of vortioxetine ranging from 2.5 to 75 mg or multiple doses of 2.5-60 mg), CYP2D6-predicted phenotype (ultrarapid, extensive, intermediate, or poor metabolizers), age on oral clearance, and height on central volume of distribution were identified as statistically significant covariate-parameter relationships [22] . Impact of CYP2D6 on oral clearance was the most significant; EMs were estimated to have approximately twice the oral clearance of PMs [22] . CYP2C19-predicted phenotype also had a significant impact on oral clearance, but to a lesser degree, with an EM to PM ratio of 1.4 [22] . Genotyping of CYP2D6/ CYP2C19 was not included in the noninferiority study and hence could not be evaluated in the population PK analysis for Chinese subjects. The distribution of CYP2D6 alleles is different in the Chinese population than in a general non-Chinese population. The proportion of CYP2D6 PMs among European and US non-Chinese is 7%, and in other races it is 1-2% [24] . The frequency of CYP2D6 intermediate metabolizers is higher in Chinese subjects than in non-Chinese subjects. For CYP2C19, PMs are more frequent among Chinese subjects than among non-Chinese subjects [25] . Taken together, there is no reason to believe that the Chinese population in general should have a markedly different clearance of vortioxetine because of different distributions of CYP2D6 and CYP2C19 alleles, although it is anticipated that there will be fewer Chinese subjects at the lower end of the clearance range In the present population PK analysis in Chinese subjects, the only significant covariateparameter relationship was weight on V 2 /F. Because of a generally lower weight in the Chinese population (mean weight ± SD, 61.4 ± 10.8 kg for the population PK data set) than in the non-Chinese population (76 ± 19 kg and 73.6 ± 12.3 kg [22, 23] ), exposure (in terms of C max and AUC) was 19% (C max ) and 18% (AUC) higher in the Chinese population than in the non-Chinese population, which is not considered clinically relevant (relevant change is defined here as lower than 20% or higher than 25%, according to accepted bioequivalence criteria) [26] .
Although Chinese healthy subjects and patients showed slightly greater exposure of vortioxetine compared with previous studies, the difference remained within bioequivalence criteria and thus clinical effects are expected to be similar to the non-Chinese population. Interestingly, results of a population PK/PD model suggest a nonlinear relationship between vortioxetine blood levels and response, with higher doses of vortioxetine on average predictive of larger improvements in depressive symptomatology. In addition, differences in the PK/efficacy model were also observed across geographic region, though the authors attribute this most likely to non-compliance observed across trials. Further, the results of PK/safety models suggest that nausea rates increase with increasing dose. Overall, these models support the appropriateness of a 5-20 mg therapeutic dose range that is adjustable on the basis of patient response and tolerability. These recommendations would apply for vortioxetine in any population, regardless of ethnicity [23] .
Vortioxetine was generally well tolerated in these healthy young Chinese men and women and Chinese patients with MDD. A very high incidence of pruritus was noted in one phase I (single/multiple dose) PK study and appeared to be frequency and dose dependent; all reports of pruritus were of mild intensity. This adverse event may not be unique to the Chinese population, especially since it showed a large variation in frequency among the three studies. Also, because healthy subjects in phase I trials were monitored closely for detection of adverse events, differences in reporting of adverse events between the phase I and phase III studies might have contributed to this variability. Of note, the frequency of pruritus in the phase III study in Chinese patients with MDD was less than 1%, which is consistent with pruritus frequencies of less than 5% in patients in the global phase III study of vortioxetine in patients with MDD [27] .
Findings from this study and those from the phase I trials conducted in healthy young Japanese adults and elderly Japanese subjects collectively indicate similar clinical pharmacology for vortioxetine irrespective of ethnicity. Thus, vortioxetine PK can be extrapolated to other Asian populations without the need for dose adjustments.
Study Limitations
The narrow inclusion and exclusion criteria used in clinical pharmacological studies could limit the generalizability of the study. One of the reasons age and creatinine clearance did not emerge as significant covariates could be the limited number of subjects in this population PK analysis for Chinese subjects compared with the larger pooled-population PK analyses. Because of the sparse PK sampling in study 3 in Chinese patients with MDD (maximum of two PK samples per patient), central volume of distribution (76%) and absorption rate constant (68%) could have been underestimated. This so-called ETA (individual parameter estimate) shrinkage for central volume of distribution affects the individual estimates of elimination t 1/2 for the patients, especially the interindividual variability. For the phase I singledose PK study, mean t 1/2 was estimated (through noncompartmental analysis) to be 73 h, i.e., very close to the 66 h found in the pooled-population PK analysis in healthy subjects.
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